ABSTRACT
INTRODUCTION
The nucleus of eukaryotic cells contains small nuclear ribonucleoproteins (snRNPs), particles consisting of small nuclear RNA (snRNA) associated with proteins (1, 2) . The best characterized snRNPs are probably the U1, U2, U4, U5 and U6 snRNPs which are involved in pre-mRNA splicing (3) . The synthesis of these snRNPs has been extensively analyzed in vertebrates (4) (5) (6) . The primary polymerase II (poll) U1, U2, U4 and U5 transcripts are exported to the cytoplasm where they assemble with a group of eight Sm proteins. This binding triggers the hypermethylation of the m7G cap initially present at the 5' end of all poII transcripts to yield a trimethyl cap structure (3mG), characteristic of most of the U snRNAs. The binding of Sm proteins and, in some cases, the presence of a 3mG cap structure are required for transport of the assembled particle back to the nucleus. Along this complex assembly pathway, snRNAs are covalently modified and assemble with several snRNP specific proteins. Although the majority of the U snRNAs are transcribed by polymerase U, the U6 snRNA is transcribed by polymerase HI (poliI). Unlike its counterparts, the U6 snRNA remains in the nucleus where it gets covalently modified internally and at both its 5' and 3' ends. Finally, the U4 and U6 snRNP assemble to form a double U4/U6 snRNP where the two snRNAs are associated through an extensive base pairing interaction (3) .
In vertebrates, the promoter regions of the polH and polHi transcribed snRNAs are very similar with the presence of interchangeable distal and proximal sequence elements (DSE and PSE, respectively) upstream of the coding region (4) . The main difference between the polI and polHI promoters is the presence of a TATA box in the latter one. However, transcription of both classes of snRNAs requires the TATA box binding (TBP) protein (7) (8) (9) (10) (11) . Additional proteins interacting with the DSE (12, 13) and PSE (10, 13, 14) elements are required for transcription. As in mammals, plant U1, U2, U4 and U5 snRNAs are polIl transcribed while plant U6 is a polI product. Both porI and polIl promoters contain a TATA box element and an upstream sequence element (USE). However the spacing between these elements differs between the two classes of promoters [reviewed in (4) ]. The S. cerevisiae Ul, U2, U4 and U5 snRNAs have a 3mG cap suggesting that they are polr transcribed. Expression of the polIII transcribed yeast U6 snRNA is dependent on TBP but also TFHIC and its cognate DNA binding sites (15) (16) (17) (18) (19) . Although these data suggest that the mode of transcription of *To whom correspondence should be addressed 'Present address: Cold Spring Harbor Laboratory, PO Box 100, Cold Spring Harbor, NY 11724, USA .=) 1994 Oxford University Press spliceosomal snRNAs is highly conserved throughout evolution, it has recently been found that the U2 snRNA from trypanosomes is a polIl product (20) .
We have recently developed a screening procedure for yeast mutants that would affect snRNP synthesis (Z.Lygerou and B.Seraphin, unpublished data). Analysis of one of the mutants recovered from this screen is presented here. At the nonpermissive temperature, this mutant does not accumulate a reporter U4 snRNA. This results from a transcriptional defect rather than a reduction of snRNA stability. The wild type allele has been cloned and sequenced. It encodes a protein with two bromodomains, hence the name of BDFJ (Bromodomain Factor 1) . Beside the bromodomain, BDF1 contains a new domain (Extra Terminal domain or ET domain) that is also present in proteins from higher eukaryotes. Our experiments suggest that BDF1 encodes a transcription factor with a broad class of target genes that include snRNAs.
MATERIAL AND METHODS
Yeast strains and genetic methods Saccharomyces cerevisiae strains BSY295(MATa ade2 arg4 leu2-3,112 TRP1::SNR14* ura3-52), BSY360 (MATa ade2 ade5 his3-AJ leu2-3,112 TRPI::SNR14* ura3-52), YNN281 (MATa trpl-901 his3-A200 ura3-52 lys2-801 ade2-101), YNN282 (MA Ta trpl-901 his3-A200 ura3-52 lys2-801 ade2-101), MCY829 (MATai his3-A200 lys2-801 ura 3-52), MCY3015 (MA Ta/MA Ta leu2-3, 112/leu2-3, 112 his3-A200/HIS+ lys2-801/LYS+ ura3-52/ura3-52 ade2-101/ADE+ SUC2/SUC2) and MCY3017 (MA Ta leu2-3,112 his3A200 ura3-52 bdf1A2::LEU2 SUC2) were used in this study. The ts mutants are in the BSY295 background. The SNR14* represents the tagged U4 allele. Standard genetic methods were used. snRNAs analysis The screen for mutants defective in snRNP assembly will be described in detail elsewhere (Z.Lygerou and B.Seraphin, in preparation). Briefly, a GAL-regulated tagged U4 (U4*) gene was constructed by introducing a neutral tag in the U4 coding sequence (positions 76-86 were changed to CUCUUAAGCC-AUAG) and fusing the GAL-U1 promoter (21) upstream of the coding sequence as reported previously for the GAL-U2 and GAL-U5 constructs (21, 22 (24) . RNAs were fractionated on 5% nondenaturing polyacrylamide gels, electro-transferred to nylon membrane (GeneScreen) and hybridized at 370C with 5' labeled oligonucleotide o123 (5' ACGCTATGGCTTAAGAGAATT 3') complementary to the U4* snRNA and oligonucleotide DT168 (24) complementary to Ul snRNA. To test for the stability of snRNAs in the bdfl background, cells were grown at 23°C in indicated time before RNA extraction. As a control an aliquot of the culture of bdfl-l strain was transfered to YPD at 23°C and RNA collected at the same time points. For the analysis of snRNA production in the bdfl null mutant, cells were grown in YPD at 23°C and shifted in YPD at 37°C for the indicated time. Primer extensions were done as previously described. The following oligonucleotides were used: Ul [DT168 (24) ]; U2 (DT800,5' GCCAAAAAATGTGTATTGTAAC 3'); U4 (oligo6, 5' GGTATTCCAAAAATTCCCTACATAGTC 3' ); U5 (EM19, 5' GGCCCACAGTTCTTGATGTTG 3') and U6 (oligoS, 5' TCATCCTTATGCAGGG 3'). OligoS was also used for Northern analysis. The U4 and U4* snRNA can be distinguished by primer extension using oligo6 which hybridizes at their 3' ends because they differ by three nucleotides in length. For primer extension, RNA concentration was calculated from OD260nm reading while RNA quality was ensured by calculating the ratio OD260nmIOD280nm. Equal loading is shown by control extension on unaffected snRNAs. The faint band seen above the U4 and U4* bands can also be used for loading control. This band does not represent a spliceosomal snRNA.
Cloning the BDF1 gene A bdfl-1 strain was transformed with a yeast genomic library on a LEU2-marked centromeric vector and plated on YPD at 37°C. From independent transformants, three different complementing plasmids were recovered. Restriction analysis indicated that the genomic inserts of these plasmids originated from a single locus (Fig. 4) . The BDF1 gene was further localized by subcloning DNA fragments shared by the three original plasmids and assaying for complementation of the thermosensitive growth phenotype (Fig. 4) . To (26) . Sequence analyses and database searches were done using standard programs (27, 28) . Southern and Northern analyses were performed using standard protocols (26 iii) The transcription of the reporter gene is driven by the GAL regulatory sequence (21, 31) . This promoter can be conveniently turned on to initiate synthesis of the U4* snRNA whose assembly into snRNP can then be followed. Without an inducible promoter, the identification of trans-acting mutants defective in snRNP synthesis would have been complicated by the extremely long half-life of the snRNAs in yeast [ (32) A strain carrying the U4* snRNA was mutagenized and temperature sensitive mutants were recovered, as snRNP synthesis is likely to be an essential process (3). Mutants were grown individually, shifted to the non-permissive temperature (37°C) after which the transcription of the U4* snRNA gene was turned on by addition of galactose. RNAs extracted from these strains were fractionated on native gels and analyzed by northern blotting using a probe specific for the U4* snRNA. In a wild type strain, almost all of the resulting U4* snRNA migrates as a U4*/U6 RNA hybrid (e.g., U6 snRNP. Two main mutant phenotypes were observed. In some cases no signal corresponding to the U4* snRNA is detected. This suggests either that the U4* snRNA is not transcribed or that it is unstable in this mutant. In other mutants, the U4* snRNA accumulates as a free U4* snRNA species. This suggests that the assembly or intracellular transport of the U4* snRNP is defective. Alternatively the mutated gene might be required for the stability of the U6 snRNA or for the joining of the U4* and U6 snRNPs into the U4*/U6 particle. The exact function affected by individual mutants can then be assessed by additional experiments. We report here the isolation and characterization of a thermosensitive strain, referred to as bdfls, in which the transcription of the U4* gene is blocked at the non-permissive temperature. Figure IA shows that in the bdfls strain the U4* i , snRNA does not accumulate at the non-permissive temperature. This is not a general phenotype for thermosensitive strains grown at 37°C (see control ts22 and ts23 strains in Fig. lA) . The absence of U4* snRNA in the bdflts strain can not be explained by underloading or non-specific RNA degradation as the level of the Ul snRNA is close to normal in that strain (Fig. 1A) . The absence of the U4* snRNA in the bdflts strain is only seen at the non-permissive temperature (data not shown) indicating that the reporter gene is still present and functional. To check if the phenotype observed in the bdflts strain reflects a general instability of the U4 and/or U6 snRNAs, the original probe was stripped and the filter was hybridized with an oligonucleotide complementary to U6 snRNA. The results (Fig. 1B) Figure 3 . The reporter U4 is stable in a bdflt' strain at 37°C. The levels of the U4*, endogenous U4 and U2 snRNAs were assayed by primer extension. The bdflu strain, pre-grown in galactose media, was switched either to 37°C in galactose media or kept at 23°C in glucose media for the indicated time. As a control the wild type (WT) strain was also switched to 37°C. The two U4 snRNA species differ by three nucleotides in length.
CHR XII The three different plasmids that were recovered originated from a single locus (Fig. 4) . The cloned DNA directed integration of a LEU2 marker to the BDF1 locus demonstrating that the cloned fragment is allelic with the bdfl-I mutation. The complementing activity was further localized to a XhoI-EcoRI fragment by subcloning and testing the resulting constructs for complementation of the thermosensitive phenotype. A 4.4 kb EcoRI fragment covering the BDFI gene was entirely sequenced on both strands (Fig. 4) (Fig. 4) (Fig. 4) . Consistent with our data, the SKI2 gene has been genetically and physically mapped to the ura4-ilvS interval on chromosome XII (34 (35) showing that fragments of BDF1p can target a fused ,B-galactosidase reporter protein to the nucleus.
BDFlp shows sequence similarity to Ring3, fsh and Orfx proteins, however, this similarity is limited to three domains. First, BDFlp contains two copies of a repeated sequence of 87 amino-acids (Fig. SA and B) rich in proline and aromatic residues called bromodomain (36, 37) . To date, bromodomains have only been observed in proteins involved in transcription or in proteins with no known function. This motif occurs twice in BDF1p, fsh, CCG1, RING3 and YK107 proteins and once in the other proteins (Fig. SB) . The two BDF1 bromodomains share some distinctive characteristics with the bromodomains of Drosophila fsh and human Ring 3 as well as the bromodomains present in the Orfx product that is encoded by a randomly sequenced human cDNA. These include a 2 amino-acid insertion at positions 15-16 as well as some specifically conserved residues (e.g., D at position 10, Y at position 59, M at position 71 and P at position 87).
Besides the bromodomains, BDFlp contains a new domain named the ET domain (for Extra Terminal domain) which shows sequence similarity with the Ring3, fsh and Orfx protein sequence. The ET domain is located at the extreme C-termini of the proteins except for the long form of the fsh protein (Fig.  5A) . The amino terminal part (residue 1-64, Fig. SC Figure  6 , indicate that the U2 and U6 snRNAs were the most affected by the bdflAl nul mutation but levels of the U1 and U4 snRNA decreased also significantly. In contrast, the level of the U5 snRNA was barely affected. No effect of the temperature shift on snRNA levels could be detected in the wild type control strain.
Comparison of the level of U2 snRNA (quantified using a PhosphorImager) and of the growth of cells (followed by optical density) after the temperature shift indicates that the decrease in the level of U2 snRNA is strictly accounted for by dilution of the pool of snRNAs present at the time of the temperature shift by cell division (data not shown). Given the very long half life of snRNAs in yeast [(32) , see also Fig. 3 ] this strongly suggests that the BDFJ gene is involved in the transcription of the U2 snRNA and possibly also of the Ul, U4 and U6 genes. The bdfl-J allele recovered from our screen affected the transcription of the U4* but not the transcription of the endogenous U2 and U4 snRNAs (see Fig. 3 and data not shown). This probably results from an incomplete block ofBDFJ function with this allele. This is supported by the fact that strains carrying the bdfl-1 allele grow well on galactose and do not display a cryosensitive phenotype. (23) . This is rather unusual for yeast promoters. One might thus speculate that BDFlp is specifically required for bridging upstream activators and the TFID complex present on the snRNA TATA box. In that context, it is noteworthy that two other bromodomain containing proteins (CCG1 and SPT7, Fig. 5 and see below) have been shown to interact physically or genetically with the TBP subunit of the TFIID transcription factor (39, (41) (42) (43) . An alternative possibility is that BDFlp affects chromatin structure. The specific effect of the bdfl-J mutation on our reporter gene would then result from its chromosomal location, that differs from the GAL locus. An effect of BDF1 on chromatin could also explain why the different snRNAs (e.g., U2 and U5) are affected to a different extent by the disruption of the BDF1 locus. This hypothesis is not unreasonable since the bromodomain containing protein encoded by the SNF2/SWI2 gene (SNF2p) has been shown to affect chromatin structure (44) . Both of these models are consistent with the nuclear location of BDFlp (35) . The product of the BDF1 gene was fortuitously found to copurify with a preparation of the TFIHC factor (45) . When polyclonal antibodies raised against the gel purified 95 kDa TFIIIC subunit were used for screening a yeast chromosomal Xgtl 1 expression library, the only clones recovered contained the BDFJ gene. Recombinant BDF1 protein was shown to be recognized by antibodies raised against the 95 kDa component of yeast TFHIC (data not shown). These antibodies alter the migration of TFHIC-DNA complexes in mobility-shift assays and to inhibit tRNA synthesis in an in vitro transcription system (45) . However, fragments of peptide sequences that have been obtained for the 95 kDa subunit of TFIIIC were not found in the polypeptide encoded by the BDFI gene (46 LexA-BDFl or GBD-BDF1 protein fusions were unable to activate the transcription of reporters carrying the corresponding DNA binding sequences including the U4* snRNA (data not shown). Thus, we were unable to detect transactivation at promoters to which BDFlp was targeted by fusion to two specific DNA binding domains. Although these negative results could be explained by the nature of the fusions made, this strategy has often been succesful. This suggests that some bromodomain containing proteins, including BDFlp, might not be able to directly activate transcription (44) .
Two bromodomain motifs are found in the BDFJ product. Database search reveals that bromodomains are widespread, being present in proteins from yeast, animals and plants (the partial sequence of a plant bromodomain can be found in a randomly sequenced expressed sequence tag from rice, accession number OS1690A). We recovered 20 bromodomain containing proteins making a total of 28 bromodomains as one or two bromodomains are present in individual proteins. The location of this motif within individual proteins is highly variable (Fig. 5B) . The functional significance of the bromodomain is not known. However all proteins of known function that harbor a bromodomain are involved in some aspect of transcription. This includes the SPT7 protein that has been shown to genetically interact with the SPTJ5 gene encoding the TBP subunit (39) . GCN5 is necessary for the activity of at least two sequence specific transcriptional regulators (47) . The two Drosophila proteins encoded by the maternally expressed and alternatively splicedfsh transcripts are necessary for the activation of the Ubx gene (48, 49) . The product of the human CCG1 gene. is a TFIID subunit, as are its homologues in Drosophila and hamster (41) (42) (43) . The murine CREB-binding protein (CREB-BP) is probably involved in the normal delivery of a cAMP-dependant transcriptional activation signal (50,5 1). CREB-BP is highly related, but not homologuous, to the EIAassociated protein p300, a putative TBP-associated polypeptide (51) that also affects transcription (52) . Drosophila brm protein is required for the transcriptional activation of several ANT-C and BX-C genes (37) while its human counterparts (hbrm/ hSNF2a/BRG-l/hSNF23) affect in vivo transcription and potentiate transcriptional activation by the glucocorticoid, oestrogen and retinoic acid receptors (53 -55) . In yeast, SNF2p is part of a large complex (56, 57) required for the transcriptional activation of numerous endogenous genes (29, (58) (59) (60) (61) as well as transcriptional enhancement by steroid receptors (62) . CCG1
and STHl/NPSl proteins have been shown to affect cell cycle progression. In the former case, it has been shown that the CCG1 protein is required for transcriptional activation of genes whose products are required at a specific step in the cell cycle (63) .
We have nowshown thatBDFlp, anuclearprotein thatcontains two bromodomains, is required for expression of many yeast genes and in particular for the transcription of snRNA genes. Of the six remaining proteins that contain bromodomains, four have been identified through random sequencing projects [CE0201 (64) , Orfx (65) , RlOel 1 (66) (related to CREP-BP and p300 (51) ) and YK107 (67)] while one (human Ring3) was identified as a homologue of the Drosophila fsh protein (68) . The last one, human peregrin (69) , is a nuclear protein containing a zing finger making it likely to be also involved in transcription.
It has been proposed that the bromodomain could serve as a surface for intermolecular protein -protein interactions influencing the assembly or activity of multicomponent complexes involved in transcription activation (36) .
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